Electron microscopy. For EM analysis BSR T7/5 monolayer cells were infected at an MOI of 3 and 1 fixed at 46 h p. i. for 60 min with 2.5% glutaraldehyde buffered in 0.1 M Na-cacodylate, pH 7.2, 300 2 mOsmol (Merck, Darmstadt, Germany). They were then scraped off the plate, pelleted by low speed 3 centrifugation and embedded in LMP agarose (Biozym, Oldendorf, Germany). Small pieces were cut 4 with a razor blade and postfixed in 1.0% aq. OsO 4 (Polysciences Europe, Eppelheim, Germany) and 5 stained with uranyl acetate. After stepwise dehydration in ethanol, the cells were cleared in propylene 6 oxide, embedded in Glycid Ether 100 (Serva, Heidelberg, Germany), and polymerized at 59 0 C for 4 7 days. 8 Ultrathin sections of embedded material, counterstained with uranyl acetate and lead salts, were 9 examined with an electron microscope (Philips Tecnai 12, Eindhoven, The Netherlands). 10 microscopy after further two days of infection (not shown). Both, EBLV-1M and EBLV-2M were able 7 to support the release of infectious NPgrL virus, whereas in the absence of M, no infectious virus was 8 detectable in the cell culture supernatants. The levels of infectious virus, however, were strongly 9 decreased for EBLV-1M and EBLV-2M compared to the authentic RABV M, which led to the infection 10 of almost 100% of cells. Determination of the infectious virus titres in the cell culture supernatants 11
showed, that release of infectious virus was 10-and 100-fold decreased for EBLV-1 M and EBLV-2 M, 12 respectively (Fig. 1A ). Comparable synthesis of the different M proteins in the complementation 13 experiments was controlled by Western Blots with a cross-reactive serum raised against purified EBLV-14 2M protein (Fig. 2B) . Whereas for EBLV-2M and RABVM nearly identical signals were obtained, an 15 even stronger signal for EBLV-1M strongly indicated that a low level expression of EBLV-1M was not 16 causative for the 10-fold decreased infectious virus titres for EBLV-1M. The complementation data 17
showed, that the EBLV-1 and -2 M proteins exhibit a basal activity to produce infectious virus even in 18 the genotype 1 RABV context. The efficiencies of infectious virus production, however, were strongly 19 decreased. 20
21
Rescue of chimeric viruses. To test whether EBLV-1M and EBLV-2M were able to mediate 22 autonomous RABV replication, chimeric cDNAs pSAD EBLV-1M and pSAD EBLV-2M were 23 constructed ( Fig. 2A) . In the chimeric cDNAs, the authentic RABV M coding sequence has been 24 replaced by the EBLV M ORFs. In addition, control cDNA pSAD RABV M was constructed with 25 on July 13, 2017 by guest http://jvi.asm.org/ Downloaded from identical noncoding M gene sequences. From all three recombinant cDNAs infectious viruses could be 1 rescued, and identities of the recombinant viruses were controlled by RT-PCR sequencing (not shown). 2 In contrast to standard rescue procedures for RABV (16) rescue of SAD EBLV-1M and of SAD EBLV-3 2M required multiple passages of the transfected cells until ~ 90% of the cells were infected and 4 sufficient levels of virus for subsequent infections were detectable in the cell culture supernatants. 5
To determine the differences in virus spread after insertion of the EBLV M proteins into the genotype 1 6 genome backbone, SAD EBLV-1M and SAD EBLV-2M were used to infect BSR T7/5 monolayer cell 7 cultures. After 36 h of infection, foci of infected cells were detected by immunofluorescence and their 8 sizes were compared to SAD RABV M (not shown). Spread of SAD RABV M was readily detectable. 9
Foci of SAD EBLV-2M infected cells were also visible, although they were smaller than those of SAD 10 RABV M at this time after infection. Surprisingly, SAD EBLV-1M was almost completely unable to 11 spread, indicating that virus spread was heavily impaired in SAD EBLV-1M. Accordingly, multiple-12 step growth curves after infection of BSR T7/5 cell cultures at an MOI of 0.001 showed that SAD 13 EBLV-1M was strongly decreased in infectious virus production (Fig.2B) . From 48 h post infection, the 14 SAD EBLV-1M titres were ~10 5 -fold lower than SAD RABV M titres. Titres of SAD EBLV-2M were 15 hybridizations with N-and L-gene specific cDNA probes (Fig.3) . Whereas in SAD RABV M infected 3 cells the highest N mRNA levels were detected, genome accumulation of SAD RABV M was lower 4 than in SAD EBLV-1M and SAD EBLV-2M infected cells. Thus, higher full length RNA levels were 5 present in cells infected with the chimeric viruses. Limited full length RNA levels could therefore be 6 excluded as the cause of the observed decrease in infectious virus production. 7
The Northern Blot signals for N mRNA and full length vRNA after two days of infection were 8 quantitated by phosphoimaging, and the ratios of N mRNA / vRNA were calculated. Compared to 9 control virus SAD RABV M, in SAD EBLV-1M and SAD EBLV-2M infected cells, the mRNA / vRNA 10 ratios were 17-and 42-fold decreased, either suggesting increased stimulatory activities of the hetero-11 genotypic M proteins on virus RNA replication, or accumulation of replication products as a 12 consequence of inefficient virus release. (Fig.4A) . Cross sections of intra-cisternal virus like structures structures revealed an 21 envelope (Fig.4B) . Comparison with extracellular virus particles revealed that the intracisternal virus 22 like structures were identically organized with respect to the inner architecture and particle diameter. A 23 distinct layer of densely arranged glycoprotein projections on the surface, however, was only detectable 24 on extracellular virions (Fig.4C) . This raises the question whether the intracisternal virus-like structurescontain viral glycoprotein in the same amount and arrangement as mature extracellular virions. 1
Recombinant SAD RABV M revealed the same phenotype as SAD L16 with strong accumulation of 2 intracisternal virus-like structures in the dilated and degranulated rER compartment, showing that the 3 alterations in the non-coding sequences of the M genes did not lead to detectable alterations in virus 4 assembly (Fig. 5) . 5
In striking contrast infections with SAD EBLV-1M or SAD EBLV-2M showed a different phenotype. 6
Infection with neither SAD EBLV-1M nor SAD EBLV-2M led to the accumulation of virus-like 7 structures in the rER (Figs. 6 and 7). Moreover, no accumulations of condensed RNPs in the cytoplasm 8 or beneath cellular membranes were detectable, indicating that inefficient production of infectious virus 9
was not a result of defects in late assembly steps but more likely was attributable to failure of RNP 10 recruitment by M. In contrast to the lack of intracellular virus-like accumulations, virus budding at the 11 cell membrane was detectable (Fig. 6B) , showing that RNP-condensation and particle release also 12 occurred in SAD EBLV-1M and SAD EBLV-2M infected cells. One virus protein which has been identified as an important factor of pathogenicity in rabies virus 7 infections is the RABV matrix protein (12, 39) . Whereas previous studies compared attenuated and non-8 attenuated genotype 1 RABV, in this report the M proteins of lyssaviruses with different host tropisms 9
were compared to assess the contribution of M to virus replication and virus -host interactions. 10
In particular, the exchange of the viral M protein between genotype 1 RABV and European bat 11 lyssaviruses EBLV-1 and EBLV-2 and possible impacts on the virus cycle were analyzed by 12 introducing the EBLV M proteins into a genotype 1 virus genetic background. Since M is essential for 13 virus assembly (31,32), successful inter-genotypic complementation was expected to occur only in case 14 of highly conserved interactions during the processes of RNP recruitment and glycoprotein 15 incorporation. Indeed, trans complementation of M-and G-gene deleteted NPgrL virus showed that 16 infectious virus production was 10-and 100-fold decreased after complementation with EBLV-1M and 17 EBLV-2M proteins, respectively (see Fig.1A ). These data indicated that the heterologous M proteins 18
were not fully compatible, either in binding to the genotype 1 RNP and/or to the glycoprotein, or with 19 RABV replication. 20
Whereas EBLV-1M led to only 10-fold decreased infectious virus titres in the complementation 21 experiments, autonomously replicating chimeric SAD EBLV-1M was more severely affected in its 22 ability to produce infectious virus than SAD EBLV-2M. Obviously, in the recombinant virus, EBLV-23 2M performed better in complementing RABV M functions than EBLV-1M, although infectious virus 24 titres after trans complementation were lower than with EBLV-1M. This discrepancy may be due to the 25 EBLV-1M and SAD EBLV-2M, therefore, was surprising, in particular since budding of typical bullet 10 shaped virus particles at the plasma membrane was observed (Figs. 6B and Fig.7C ). Whereas the 11 ability of the hetero-genotypic M proteins to support bullet shaped virus particle formation at the 12 plasma membrane showed that these M proteins were basically active in RNP recruitment and 13 membrane envelopment, the decreased virus titres (Fig. 2 ) strongly indicated that the efficiencies of 14 particle formation were far below those of SAD RABVM. 15 Although the lack of intracellular budding in SAD EBLV-1M and SAD EBLV-2M could be a dose 16 effect in a scenario in which recruitment of RNPs by M is a limiting factor, the efficiently budding 17 SAD EBLV-1Mpass showed that even after increased infectious virus release (Fig. 5C ), no intracellular 18 budding events in the rER compartment were detectable. From these data we hypothesize that the 19
RABV and EBLV-1M proteins target different membranes for virus assembly. 20
Rapid increase of virus production within only three supernatant passages of SAD EBLV-1M strongly 21 indicated that adaptive mutations have occurred, either within the EBLV-1M ORF or in an M 22 interacting protein, making the hetero-genotypic EBLV-1M more compatible to the RABV backbone. efficiently, as demonstrated by growth curves identical to SAD RABV M (Fig. 8B) , was efficiently 13 replicating and infectious virus production was comparable to SAD RABV M, although the levels of 14 intracellular viral RNAs (Fig.9A ) and protein levels ( those residues that are involved in M self-association are highly conserved (see Fig.12 ), it appears 5 unlike that these motifs contribute to the different phenotypes of the EBLV-1M and RABVM proteins 6 in the assembly of intracellular virus-like structures. Thus membrane specificity in lyssavirus budding 7 may be determined by other regions or motifs within the lyssavirus M proteins. 
